We describe solar-blind photodetectors based on superlattices of AlN/AlGa͑In͒N. The superlattices have a period of 1.4 nm, determined by x-ray diffraction, and an effective band gap of 260 nm measured by optical reflectivity. Using simple mesa diodes, without surface passivation, we obtain low dark leakage currents of 0.2-0.3 pA, corresponding to the leakage current density of ϳ0.3 nA/cm 2 , and high zero-bias resistance of ϳ1ϫ10 11 ⍀. Excellent visible cutoff is obtained for these devices, with six orders of magnitude decrease in responsivity from 260 to 380 nm. These results demonstrate the potential of junctions formed by short-period superlattices in large-band-gap devices.
High performance p -i -n photodetectors, based on AlGaN, having high responsivity at ϳ280 nm have been demonstrated in the last few years.
1-7 These ultravioletsensitive detectors do not respond to the visible solar spectrum, and are known as solar-blind. Large-band-gap AlGaN, with more than 40% of AlN, is needed to obtain optical sensitivity in the desired region of the ultraviolet spectrum. Formation of p -n junctions in such AlGaN layers remains very difficult, since the introduction and activation of p-type dopant ͑Mg͒ is increasingly difficult with higher AlN mole fraction. 8, 9 We have shown recently that superlattices ͑SLs͒ based on AlN/AlGa͑In͒N, doped with Mg and Si, can be used to assure effective p-and n-type doping in structures with an average AlN content as high as 0.73. 10, 11 This letter describes structural, electrical, and optical properties of SLbased p -n junctions in order to demonstrate their potential as solar-blind photodetectors. Good results are obtained with simple device fabrication and without detailed structure optimization.
Device structures were grown on sapphire substrates using gas source molecular beam epitaxy with ammonia. 10, 11 The device structure consists of a 40-nm-thick AlN nucleation/buffer layer deposited on sapphire, followed by a ϳ1-m-thick Si-doped GaN buffer layer, two n-and p-type AlN/AlGa͑In͒N SLs and 10-nm-thick Al 0.08 Ga 0.092 (In)N:Mg contact layer. Each n-and p-type SL consisted of 150 pairs of Al 0.08 Ga 0.92 (In)N quantum wells, 0.5-nm thick, separated by ϳ1.0-nm-thick barriers of AlN. Because of the high growth temperature of ϳ800°C, the InN content in the wells was quite low, approximately 10 17 cm Ϫ3 , as shown by secondary ion mass spectrometry ͑SIMS͒ measurements. Addition of small amounts of In improves the optical properties of SLs, 10, 11 but the amount is too small to alter either the band gap or the period.
The n-type SL was doped with Si derived from silane. /V s at room temperature. The average AlN content and the period of our SLs were determined by x-ray diffraction ͑XRD͒. Figure 1 shows a ͑0002͒ rocking curve obtained on the SL-based photodetector structure. The GaN reflection is due to the ϳ1-m-thick buffer layer. The thin nucleation layer of AlN contributes a broader and weaker peak. The AlN/AlGa͑In͒N SL produces a well-defined zero-order reflection peak consistent with an average AlN content of 0.63. The satellite peaks of SL, denoted ϩ1 and Ϫ1, are also clearly seen. The average SL period is calculated to be 1.42Ϯ0.05 nm. This is in excellent agree- 14 The lower panel of Fig. 2 shows the reflectance spectrum from the entire photodetector structure. The thin AlGa͑In͒N:Mg contact layer is not detected in the spectrum. Regularly spaced Fabry-Perot fringes are seen for photon energies below 3.41 eV. The disappearance of this fringe series is best seen in the derivative spectrum ͑upper panel͒ because it discriminates against gradual variations in the reflectance spectrum. These fringes have spacing associated with the total thickness of the epitaxial layers on sapphire substrate, ϳ1.73 m. The closely spaced fringes disappear above 3.41 eV, the energy gap of GaN, and we see a separate series of fringes with larger periodicity ͑present as an envelope below 3.41 eV͒. These fringes are consistent with the total SL thickness ϳ0.434 m, so that the GaN buffer layer is ϳ1.3-m thick. The fringes exhibiting greater separation are associated with the SL and the optical gap at 4.77 eV ͑260 nm͒ is obtained from the disappearance of fringes in the derivative spectrum. This energy gap implies an average AlN mole fraction of 0.63 in the SL, 14 in excellent agreement with our x-ray measurements.
Mesa photodiodes were prepared using standard processing. The 280-m-diameter mesas were reactive-ion plasma etched with Cl 2 using 100-nm-thick Ni masks formed by lift-off. 6, 15 The Ni mask was stripped off after etching using a solution of HNO 3 and HF ͑10:1͒, at room temperature. Pand n-type contacts were processed separately. Contacts to p-type SL were made using 50 nm of Ni followed by 70 nm of Au. N-type contacts were made using Ti/Al/Ti/Au with a total thickness of 200 nm. High p-and n-type concentrations in as-grown layers make it possible to prepare Ni/Au and Ti/Al/Ti/Au ohmic contacts without activation anneals.
Current-voltage characteristics representative of our diodes are plotted in Fig. 3 . Very low dark leakage currents, 0.2-0.3 pA, are measured near zero bias. For a mesa diode of 280 m in diameter, this corresponds to the leakage current density of ϳ0.3 nA/cm 2 . The reverse leakage current remains below 50 nA up to a bias of Ϫ5 V. Lower leakage currents can be obtained by introducing surface passivation of the mesa and introduction of an i-region. 7, 16 The capacitance-voltage measurements of mesa diodes showed hole concentration in the p-type SL of pϳ3ϫ10 17 cm Ϫ3 , consistent with the Hall data.
From the (dV/dI) shown in inset of Fig. 3 , we can calculate the zero-bias photodetector resistance of ϳ1 ϫ10 11 ⍀, resulting in the area-resistance product R o A ϳ6.2ϫ10
8 ⍀ cm 2 . The photodiode exhibits excellent photoresponse at zero bias, as shown in Fig. 3 .
Spectral responsivity measurements were done at zero bias using a high-ultraviolet-output xenon lamp as a light source and a monochromator. Light intensity was measured using a commercial calibrated detector. The responsivity spectrum is shown in Fig. 4 . The peak response was obtained at a wavelength of ϳ260 nm, in excellent agreement with the band gap of the SLs obtained by reflectivity measurements. The detector response at 260 nm was found to be linear over at least three orders of magnitude of the incident light power.
The detector responsivity does not fall off above the band gap, indicating low surface recombination velocity. Since the carriers are created close to the surface and must diffuse to the junction in order to be collected, this also indicates minority carrier ͑electron͒ diffusion length greater than ϳ200 nm, the thickness of the p-type SL. Responsivity decreases below 260 nm, and it drops off by almost six orders of magnitude at 380 nm, showing an excellent rejection of radiation in the visible. This compares well with the rejection ratio of four orders of magnitude in state-of-the-art conventional p -i -n detectors. 17 The substructure visible in the photoresponse in the range of ϳ280-340 nm is not understood at this time. It may be partially related to absorption in the exposed GaN buffer layer, at the bottom of the device mesa, but this would imply fairly long hole diffusion lengths. Another possibility is the broadening of the absorption edge due to monolayer thickness fluctuations in the well and barrier thickness. We plan to answer some of these questions by growing additional SL structures on AlN buffer layers.
Responsivity of 25 mA/W was measured at wavelength of 260 nm. This corresponds to an external quantum efficiency of 12.5%. This is less than the highest responsivity reported in solar-blind p -i -n detectors of ϳ42%.
7 However, our present device does not have an i-layer and the p-type SL is used as the absorbing region, resulting in lower efficiency. In addition, our device is top illuminated and external quantum efficiency is decreased by absorption in the contact layer. Nevertheless, using the R o A determined previously, we calculate the thermal noise-limited specific detectivity, at zero-bias, of D*ϭ1.4ϫ10 12 cm Hz 1/2 W Ϫ1 . Introduction of an i-layer is expected to improve quantum efficiency and to result in improved D*.
In summary, we have prepared solar-blind photodetectors based on short-period SLs of AlN/AlGa͑In͒N. Excellent electrical characteristics of p -n junctions formed in these SLs demonstrate their potential in large-band-gap photodetectors.
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